We evaluated the hemodynamic features of the posterior circulation in patients with severe carotid stenosis by assessing and comparing cerebral vasomotor reactivity (VMR) in the middle cerebral (MCA) and vertebral arteries (VA) by transcranial Doppler and the Diamox (1 g acetazolamide i.v) test. Sixty symptomatic and 111 asymptomatic patients with unilateral severe (>70%) internal carotid artery stenosis were studied. The VMR was 19.2 ± 18.9% for the MCA ipsilateral to the stenosis and 27.3 ± 17.4% on the contralateral side (P < 0.0001) for all patients. It was 18.2 ± 23.2% for the VA ipsilateral to the stenosis and 19.7 ± 21% on the contralateral side (P ¼ NS). The symptomatic patients' VMR of the MCA on the side of stenosis and the opposite side were 19.2 ± 17.6 and 29 ± 17.2%, respectively (P < 0.03). The VMR of the VA remained similar (15
Introduction
The intracranial hemodynamic status can be determined by assessing cerebral vasomotor reactivity (VMR) which provides information regarding cerebral autoregulation and the collateral circulation (Dahl et al., 1992) . Posterior circulation may play an important role as a collateral channel in patients with significant internal carotid artery (ICA) stenosis. Yet, attention has been mainly focused upon evaluating the hemodynamic effect of ICA stenosis on the middle cerebral artery (MCA), with significantly reduced VMR of the MCA having been demonstrated in patients with high-grade stenosis or occlusion of the ICA (Bishop et al., 1986; Ringelstein et al., 1988; Norris et al., 1990; Provinciali et al., 1993) . The data on the hemodynamic features of the posterior part of the circle of Willis in patients with carotid occlusive disease are still scanty (Zbornikova and Lassvik, 1996; Mu¨ller and Schimrigk, 1996) . VMR can be assessed by using transcranial Doppler (TCD) and the Diamox test [measuring blood flow velocities (BFV) before and after administration of acetazolamide (Diamox) as a vasodilator agent]. Indeed, the Diamox test is widely used for the evaluation of VMR in patients with carotid occlusive disease (Piepgras et al., 1990; Dahl et al., 1994) .
The present study was designed to assess and compare VMR in the MCAs and vertebral arteries (VA) in symptomatic and asymptomatic patients with severe ICA stenosis in order to evaluate the hemodynamic effects of carotid occlusive disease on posterior circulation.
Patients and methods
The study cohort consisted of 171 consecutive patients (mean age ± SD 72.9 ± 7.6 years, 117 men) with high-grade (70-99%) unilateral ICA stenosis as measured by Doppler ultrasonography. Sixty of these patients had symptomatic carotid artery stenosis (SCAS) due to a prior non-disabling ischemic stroke or transient ischemic attack in the hemisphere ipsilateral to the severe carotid stenosis. The remaining 111 patients were defined as having asymptomatic carotid artery stenosis (ACAS) by virtue of their having no history or clinical evidence of any prior cerebrovascular event. The ACAS and SCAS patients were comparable with respect to demographic features and common vascular risk factors. The cerebrovascular events in all the SCAS Correspondence: N. M. Bornstein, MD, Stroke Unit, Department of Neurology, Tel Aviv Sourasky Medical Center, 6 Weizmann Street, Tel Aviv 64239, Israel (fax: +972-3-6973414; e-mail: strokeun@ tasmc.health.gov.il) patients had occurred not less than 3 months prior to their inclusion into the study. No participant had any history or clinical symptoms of vertebrobasilar stroke.
Carotid artery disease in all the patients was assessed and defined using continuous wave Doppler and colorflow B-mode Doppler ultrasonography (Diasonics ultrasound, Gateway 2D, VST, C20060, Santa Clara, CA, USA) according to validated criteria (Bornstein et al., 1988; De Bray and Glatt, 1995) .
The intracranial arteries were evaluated by TCD (Rimed Trans-link 9900 TCD, Herzliya, Israel). The TCD examination was carried out with the patient in a supine position. It included transtemporal insonation of the MCA at a depth of 50-55 mm and transoccipital insonation of the VA at a depth of 60-90 mm using a 2-MHz hand-held probe (DeWitt and Wechsler, 1988) . The most powerful signal during a 10-s period was used for the measurements of the BFV. Blood pressure and heart rate were monitored simultaneously during the Diamox test: data showing an increase of >20% in these parameters were excluded from the analysis. The results of patients with stenotic changes of their VA based on the carotid Doppler or TCD results were also excluded from the study.
The VMR was evaluated by recording the percentage differences in peak systolic flow velocity in each MCA and VA at baseline and by the Diamox test. An intravenous (i.v) injection of 1.0 g acetazolamide was given over 5 min, and BFV MCA and BFV VA were again measured with the ultrasound sample volume at the same depth 20 min later (Provinciali et al., 1993) .
Statistical analyses
The paired Student's t-test was used to compare BFV and VMR in the MCA and VA. Results with P-values of <0.05 were considered statistically significant.
Results
Following the Diamox test, the MCA VMR percentage was found to be 19.2 ± 18.9% on the side of carotid stenosis and 27.3 ± 17.4% on the opposite side amongst the entire patient population (P < 0.0001). The VA VMR percentage values on the side of carotid stenosis and on the opposite side in all the study patients were 18.2 ± 23.2 and 19.7 ± 21%, respectively (P < 0.40, NS). The findings according to the side of carotid stenosis and the opposite side for both the SCAS and ACAS patients are shown in Table 1 . There was a significantly lower MCA VMR percentage value on the side of the carotid stenosis in all the studied patients. In contrast, the VA VMR percentage remained similar regardless of carotid stenosis and a symptomatic or asymptomatic course of carotid occlusive disease.
Discussion
Recent studies have demonstrated that impaired VMR may be a marker of increased risk of stroke in patients with severe carotid stenosis or occlusion (Kleiser and Widder, 1992; Yonas et al., 1993; Gur et al., 1996; Silvestrini et al., 2000; Markus and Cullinane, 2001) . Although the intracerebral effects of carotid occlusive disease were studied mostly in the anterior part of the circle of Willis, carotid stenosis or occlusion may also cause hemodynamic impairment of the more distal cerebral circulation (Derdeyn et al., 1999; Hendrikse et al., 2001) . Therefore, evaluation of the intracranial hemodynamic status, in order to identify high-risk patients, cannot be complete without assessment and comparison of VMR in both the anterior and posterior parts of the circle of Willis. In order to evaluate its posterior part, we chose to examine the VMR of the VA which allows us to compare both sides of the posterior circulation.
We found that VMR of the MCA on the side of severe carotid stenosis is significantly lower and, in contrast, that VMR of the posterior circulation remains similar on the side of severe carotid stenosis as well as on the side of a normal artery or hemodynamically nonsignificant carotid stenosis. Moreover, a similar VMR of posterior circulation was found in patients with an either symptomatic or asymptomatic course of carotid stenosis.
Heterogeneous vasomotor responses of anatomically distinct cerebral arteries were observed in the cerebral circulation of cats by Hamel et al. (1988) . The differences between carotid and vertebrobasilar circulation in terms of VMR were analysed in their study with emphasis on pharmacologic responses to different neurotransmitters. Matsumoto et al. (2000) reported a marked loss of vasomotor reactivity in the posterior circulation of dogs with an experimental localized brainstem infarct versus well-preserved VMR in the anterior part of the vascular bed. Contrary results were obtained in two human studies in which VMR had been compared in the MCA and the basilar artery. In the first, Garbin et al. (1997) found that reactivity in the basilar artery is diminished compared with that in the MCA. These results were obtained in normal subjects as a response to hypoxia. The results of a more recent study by Barrett et al. (2001) suggest that the anterior and posterior circulations have similar reserve capacities in patients with posterior circulation disease and in normal controls. The published data of Zbornikova and Lassvik (1996) showed that VMR of the anterior and posterior cerebral arteries differed significantly but were still similar in both the occluded and non-occluded sides of the ICA. These studies were performed either on animals with experimental brainstem strokes, on patients with vertebrobasilar strokes without carotid stenosis, on patients with carotid stenosis without vertebrobasilar disease or on normal individuals. Our findings on patients with severe carotid stenosis suggest the existence of an independent cerebral vascular reserve capacity of the posterior circulation as compared with the anterior part of the circle of Willis. As such, intracerebral hemodynamic considerations in obstructive carotid artery disease cannot be representative of total VMR, as recommended by Sorteberg et al. (1996) . The different VMR that we demonstrated in the MCAs and VAs of our study cohort supports the necessity of separately considering the anterior and posterior parts of the circle of Willis and of taking into account the key role of the circle of Willis in intracerebral hemodynamics. We believe that these lines of evidence warrant further trials in order to evaluate the role of VMR in the pathogenesis of anterior and posterior circulation strokes.
